Background-Although long-term prostacyclin (PGI2) has been shown to improve hemodynamics, quality of life, and survival in patients with primary pulmonary hypertension, its use in patients with pulmonary hypertension (PHT) and associated congenital heart defects (CHD) has not been evaluated. Methods and Results-Twenty patients (15Ϯ14 years) with PHT and associated CHD (9 atrial septal defect, 7 ventricular septal defect, 4 transposition of the great vessels, 3 patient ductus arteriosus, 3 partial anomalous pulmonary venous return, and 1 aortopulmonary window) who failed conventional therapy (including digitalis; diuretics; oxygen; warfarin; calcium channel blockade, if indicated; and surgery, if operable) were treated with chronic PGI2. Eleven patients had previous cardiac surgery at a median age of 3 years (range, 5 days to 47 years). Eleven of 20 patients had residual systemic to pulmonary shunts. Hemodynamics, NYHA functional class, and exercise capacity were measured at baseline and after 1 year of PGI2 therapy. None of the patients acutely responded to PGI2 administration. Despite lack of an acute response, mean pulmonary artery pressure decreased 21% on chronic PGI2: 77Ϯ20 to 61Ϯ15 mm Hg (PϽ0.01, nϭ16). Cardiac index and pulmonary vascular resistance also improved on long-term PGI2: 3.5Ϯ2.0 to 5.9Ϯ2.7 L ⅐ min Ϫ1 ⅐ m
P rostacyclin (PGI2), is a potent short-acting vasodilator and inhibitor of platelet aggregation produced by the vascular endothelium. PGI2 decreases pulmonary vascular resistance and increases cardiac output and systemic oxygen delivery when acutely administered to patients with primary pulmonary hypertension (PPH), and this response has been used to determine whether long-term oral vasodilator therapy is warranted. 1, 2 With the availability of PGI2 for continuous intravenous administration, long-term PGI2 has been shown to improve hemodynamics and quality of life as well as increase survival in patients with severe PPH. [3] [4] [5] [6] In 1985, Bush et al first reported using intravenous PGI2 for acute pulmonary vasodilator testing in children with congenital heart defects (CHD) and secondary pulmonary hypertension. 7, 8 Although he suggested that PGI2 might have a role in the treatment of pulmonary hypertension (PHT) and associated CHD, long-term PGI2 therapy has not been reported for these patients. We are presenting 20 patients with PHT and associated CHD; these patients, having failed conventional therapy, were treated with long-term PGI2.
Methods

Patient Selection
Twenty patients (15Ϯ14 years) with PHT associated with CHD were started on continuous intravenous PGI2 between 1992 and 1996. Both the acute vasodilator testing with PGI2 and long-term PGI2 therapy are Institutional Review Board-approved studies at Columbia University, College of Physicians and Surgeons. Written informed consent was obtained from all adult patients or from parents of each child. In addition to PHT associated with a CHD, patient selection criteria included (1) clinically symptomatic pulmonary arterial hypertension with no evidence of systemic ventricular dysfunction or pulmonary venous hypertension, (2) lack of an acute response with PGI2 testing (as defined below), 1 and (3) failure to improve clinically and hemodynamically on conventional therapy. Conventional therapy included digitalis; diuretics; supplemental oxygen; warfarin; 9 calcium channel blockade, if indicated; 2 and surgical correction, if operable.
Untoward effects which precluded the use of calcium channel blockers included right heart failure during acute testing or intolerable symptoms during chronic administration such as nausea, vomiting, dizziness, or headaches. Patients were considered responders to acute PGI2 vasodilator testing if they met the following criteria: (1) Ն20% decrease in mean pulmonary artery pressure (PAPm), (2) increase in cardiac index, and (3) no change or decrease in the pulmonary vascular resistance (PVR) to systemic vascular resistance ratio. 1 Previous studies have demonstrated that PPH patients who respond to acute vasodilator testing usually respond to conventional therapy, and patients who are acute nonresponders do not improve with conventional therapy alone. 2 
Clinical, Exercise, and Hemodynamic Parameters
Clinical assessment (NYHA functional class), exercise capacity (6-minute walk), and hemodynamic parameters were measured at baseline, ie, at the time of initiation of long-term PGI2 therapy; these were repeated after 1 year on continuous PGI2.
Patients underwent right heart cardiac catheterization using standard techniques. Cardiac output was calculated by Fick method with measured oxygen consumption. Before starting long-term PGI2, acute PGI2 testing was performed. 1 Venous access for the delivery of long-term PGI2 was obtained by the insertion of a permanent catheter into the subclavian or jugular vein before hospital discharge. 3 PGI2 was infused continuously with the use of a portable infusion pump. 3 Initial PGI2 dose ranged from 2 to 14 ng ⅐ kg Ϫ1 ⅐ min Ϫ1 (mean dose 4Ϯ3 ng ⅐ kg Ϫ1 ⅐ min Ϫ1 , nϭ20) and was progressively increased to maintain an optimal therapeutic dose similar to its use in patients with PPH. 4 After initiation, the dose was subsequently increased until the patient reached a clinical plateau, usually occurring within the first 6 to 12 months after starting PGI2. Thereafter, the PGI2 dose was increased to prevent the recurrence of pulmonary hypertension symptoms, eg, dyspnea on exertion or exercise intolerance. The patients continued conventional therapy, including oral calcium channel blockers (if they had been receiving them before starting PGI2). Sixteen patients underwent repeat right heart cardiac catheterization after 1 year on PGI2.
In 16 patients, hemodynamic data were available either before or during conventional therapy alone. Fourteen of the 16 patients were evaluated at other institutions before referral. These data were used to compare hemodynamics on conventional therapy with baseline hemodynamics obtained just before initiation of PGI2, to determine whether there was hemodynamic improvement with conventional therapy alone. In addition, there were 7 patients who had undergone surgical correction of their CHD for whom preoperative and postoperative data were available.
Data Analysis
Data are shown as meanϮSD. Statistical comparisons for paired data were analyzed by Student's paired t test. ANOVA was performed for repeated measures. Post hoc tests of individual differences were performed using Tukey's procedure. Logistic regression was used to analyze outcome data. Statistical significance was defined as PϽ0.05.
Results
Patient Population
Baseline clinical, demographic, and hemodynamic parameters are shown in *At initiation of PGI2 therapy. †Residual shunt with or without previous surgery. ‡Status after surgical correction (either partial or complete). PVR indicates pulmonary vascular resistance index; CI, cardiac index; MVsat, mixed venous oxygen saturation; RAP, mean right atrial pressure; Ao sat, aortic oxygen saturation; QpϺQs, pulmonary to systemic blood flow ratio. VSD, ventricular septal defect; ASD, atrial septal defect; PDA, patent ductus arteriosus; TGV, transposition of the great vessels; PAPVR, partial anomalous pulmonary venous return; APW, aortopulmonary window. patient profiles). Patients ranged in age from 22 months to 51 years with a mean age of 15Ϯ14 years (median age 10 years). There were 8 males and 12 females. A variety of congenital heart defects were present: atrial septal defect (nϭ9), ventricular septal defect (nϭ7), transposition of the great vessels (nϭ4), patent ductus arteriosus (nϭ3), partial anomalous pulmonary venous return (nϭ3), and aortopulmonary window (nϭ1). Six patients had Ͼ 1 CHD. Eleven patients underwent surgical repair of their CHD before starting long-term PGI2 at a median age of 3 years (range, 5 days to 47 years). Four patients were Ͻ1 year at the time of operation and had not undergone preoperative cardiac catheterization. The remaining 7 patients had preoperative and postoperative hemodynamic studies from other institutions (Table 2) . For these 7 patients, the preoperative PAPm was 60Ϯ17 mm Hg, systemic arterial pressure mean 86Ϯ11 mm Hg, pulmonary vascular resistance 14Ϯ6 U ⅐ m 2 , mixed venous oxygen saturation 65Ϯ5%, and systemic arterial saturation 92Ϯ6%. There were no significant changes in any of these parameters at postoperative cardiac catheterization (2.2Ϯ1.6 years; range, 1 to 5 years postoperatively). Surgical repairs for all patients included atrial septal defect (nϭ4), patient ductus arteriosus (nϭ2), partial anomalous pulmonary venous return (nϭ2), ventricular septal defect (nϭ1), aortopulmonary window repairs (nϭ1), and arterial switch (nϭ2), Mustard (nϭ1), and Senning (nϭ1) operations. A total of 11 patients had unoperated (nϭ8) or residual postoperative (nϭ3) systemic to pulmonary shunts. Of the 9 patients who did not undergo surgical repair, 1 patient had spontaneous closure of a ventricular septal defect by 2 years. The net direction of the shunt at baseline is shown by the Qp:Qs ratios in Table 1 . Ten patients were receiving chronic oral calcium channel blockers at the time of initiation of PGI2 (see Appendix). None of the 20 patients had a history of failure to thrive or congestive heart failure in infancy suggestive of a large left to right shunt (eg, significant pulmonary vascular overcirculation, early in life).
Hemodynamic Effects of Acute and Chronic PGI2
Sixteen patients had hemodynamic data available before initiation of conventional therapy or on conventional therapy alone. Serial studies before and during conventional therapy demonstrated no hemodynamic improvement on conventional therapy alone, eg, PAPm increased from 67Ϯ22 to 77Ϯ20 mm Hg (nϭ16) on conventional therapy alone.
Sixteen patients underwent repeat right heart catheterization after 1 year on continuous PGI2 (follow up: 15Ϯ6 months; range, 8 to 28 months). Three patients were not restudied: poor venous access in 2 and 1 patient declined. One patient died after 4 months while awaiting transplantation (follow-up catheterization at 3 months; follow-up data are not included in the comparative data). The mean dose of PGI2 at follow-up was 82Ϯ37 ng ⅐ kg Ϫ1 ⅐ min
Ϫ1
(nϭ16; range, 49 to 195 ng ⅐ kg Ϫ1 ⅐ min Ϫ1 ). Hemodynamic effects of acute and long-term PGI2 for the 16 patients who underwent repeat study are shown in Table 3 . All patients were nonresponders to acute vasodilator testing and therefore would not be expected to benefit from chronic calcium channel blockers. 2 Although there was no significant change in PAPm with acute PGI2 testing (77Ϯ20 versus 77Ϯ20 mm Hg; nϭ16), on long-term PGI2 therapy, PAPm decreased 21% (77Ϯ20 to 61Ϯ15 mm Hg; PϽ0.01, nϭ16). In addition, cardiac index increased 69% (3.5Ϯ1.6 to 5.9Ϯ2.7 L ⅐ min Ϫ1 ⅐ m Ϫ2 ; PϽ0.01, nϭ16), PVR decreased 52% (25Ϯ13 to 12Ϯ7 U ⅐ m 2 ; PϽ0.01, nϭ16), and mixed venous oxygen saturation increased compared with baseline: (64Ϯ7% to 70Ϯ8%; PϽ0.01, nϭ16). These data illustrate that, similar to PPH patients, lack of an acute PGI2 response does not preclude significant hemodynamic improvement on long-term PGI2. Two patients (patients 10 and 16) had significant right heart failure, eg, mean right atrial pressures (RAPm) were 15 and 19 mm Hg, respectively, at baseline. On PGI2 therapy, RAPm did not decrease in either: 1 patient died after 4 months. RAPm was 19 mm Hg at repeat catheterization after 3 months, and at repeat catheterization after 1 year in the other patient, RAPm was 17 mm Hg. There were no significant complications in the latter patient, and despite lack of significant improvement in RAPm, all other hemodynamic variables improved. In addition, the patient's 6-minute walk test (72 to 288 m) and NYHA functional class (IV to II) improved. Overall, RAPm did not change significantly on long-term PGI2 (6Ϯ5 versus 8Ϯ4 mm Hg; Pϭ0.09, nϭ16).
Mean systemic arterial pressure did not change on long-term PGI2 therapy (79Ϯ12 versus 74Ϯ9 mm Hg; nϭ16, PϭNS). In addition, systemic arterial oxygen saturation remained unchanged for the group (91Ϯ5% versus 91Ϯ7%; nϭ16), including those patients with residual systemic to pulmonary shunts (90Ϯ6% versus 90Ϯ7%; nϭ10). Systemic oxygen delivery improved on long-term PGI2 (580Ϯ222 to 940Ϯ416 mL ⅐ min Ϫ1 ⅐ m Ϫ2 ; nϭ16, PϽ0.001), including those patients with residual shunts (646Ϯ185 to 938Ϯ409 mL ⅐ min Ϫ1 ⅐ m Ϫ2 ; nϭ10, PϽ0.05).
NYHA Functional Class and Exercise Capacity
Seventeen patients were NYHA functional class III (nϭ10) or IV (nϭ7) at the initiation of continuous PGI2; 3 were NYHA functional class II. NYHA functional class improved on long-term PGI2: 3.2Ϯ0.7 to 2.0Ϯ0.9 (nϭ19, PϽ0.0001) consistent with increased systemic oxygen delivery. Functional class improved in 14 and remained unchanged in 5 patients. In the one patient who died after 4 months, there was no change in NYHA functional class at 3-month follow-up. Exercise capacity was assessed using the 6-minute walk test in all patients old enough to perform the test reliably (nϭ15), ie, patients 5 years or older. Fourteen had repeat testing after 1 year. The 6-minute walk test increased from 408Ϯ149 to 460Ϯ99 m (nϭ14; Pϭ0.13).
Complications
Complications attributable to PGI2 were frequent and included jaw pain (nϭ14), rash (nϭ8), arthralgias (nϭ6), and nausea/vomiting (nϭ2). These side effects occurred with similar incidence to PPH patients treated with longterm PGI2. [2] [3] [4] During the first year on PGI2, complications related to the PGI2 delivery system included dislodged central venous lines (nϭ7), local central venous line infections (nϭ4), and pump malfunction (nϭ2). There were no episodes of catheter-related sepsis.
Outcome
Sixteen patients remain on long-term PGI2 (follow-up 16 months to 5.5 years), 3 patients underwent lung transplantation (after 10, 11, and 17 months, respectively, on PGI2), and 1 patient died after 4 months awaiting transplantation. Eight of the 12 patients listed for transplantation have been taken off the active transplant list because of persistent clinical and hemodynamic improvement. There were no differences in baseline hemodynamic parameters between the patients taken off the active list compared with the patients who remained on the transplant list or died, although this may be due to a small sample size. In addition, one patient with an atrial septal defect (patient 13, see Appendix) went from having an inoperable atrial septal defect to an operable CHD on PGI2 therapy. Her Qp:Qs ratio increased from 2.8:1 to 4.1:1 on long-term PGI2. This patient subsequently had her atrial septal defect partially closed and remains on PGI2. Another institution might have considered closure of the atrial septal defect, given this patient's baseline hemodynamics. However, on the basis of the overall risk-benefit considerations, the degree of pulmonary vascular disease, and age of presentation (7), we chose to treat with PGI2 with the aim of making the patient operable.
Discussion
On the basis of previously demonstrated efficacy of long-term intravenous PGI2 therapy in patients with PPH who fail conventional therapy, we present our experience in 20 patients with PHT and associated CHD with pulmonary vascular changes similar to PPH patients. 10 Although it is unclear why these patients developed pulmonary vascular disease when other patients with CHD have reversible or much milder pulmonary vascular disease, long-term PGI2 therapy improves quality of life and hemodynamic parameters in patients with PHT and associated CHD who fail conventional therapy. 3, 5 Conventional therapy for PPH patients has classically included digitalis; diuretics; supplemental oxygen; warfarin; and calcium channel blockade, if indicated. Previous surgical repair of the CHD was included in our definition of conventional therapy for patients in whom surgical repair was performed. All patients treated with long-term PGI2 had failed conventional therapy, clinically and hemodynamically. Previous studies in PPH patients have demonstrated that chronic vasodilator therapy (ie, with calcium channel blockade) in acute responders to vasodilator testing and with continuous infusion of PGI2 in acute nonresponders, as well as in patients who fail conventional therapy despite an initial acute vasodilator response, is effective in improving symptoms, hemodynamics, and survival. 2, 3, 6, 11 Thus, our rationale for using PGI2 in patients with PHT and associated CHD was based on similar histopathology in PPH and PHT secondary to CHD even if the pathogenesis might be different. 10 Also, the preoperative hemodynamics demonstrated that in addition to severe PHT, the pulmonary vascular resistance was higher in all cases than we would have expected for these patients, reflecting significant pulmonary vascular disease preoperatively. Furthermore, for those patients who had previous surgery and complete repair of their cardiac defects, their postoperative physiology more closely re-sembled PPH. We speculated that these patients would respond to PGI2 similarly to the experience with PPH patients who fail conventional therapy. Our data supports this with the patients who had PHT and associated CHD responding to long-term PGI2, not unlike PPH patients (eg, significant hemodynamic improvement on long-term PGI2 despite lack of an acute response to PGI2 administration) 5 ( Table 3) .
The definition of PPH, as described by the NIH Registry on PPH, 12 excludes patients with CHD: PHT associated with CHD is thought to result from a different mechanism, eg, in patients with systemic to pulmonary shunts, increased pulmonary blood flow with increased pulmonary artery pressure results in increased shear stress leading to pulmonary vascular obstructive changes and shunt reversal. This phenomenon, of PHT secondary to CHD, first described by Victor Eisenmenger in 1897, 13 was later termed the Eisenmenger syndrome. 14 Previous publications have shown that in most cases of CHD with systemic to pulmonary shunts, early repair of the cardiac defects, (usually by age 2), prevents irreversible pulmonary vascular obstructive disease, 15 although exceptions to this teaching have been reported. 16, 17 In selecting our patients for long-term PGI2 therapy, we speculated that these patients may have had pulmonary vascular disease that was similar to PPH and triggered or exacerbated by the CHD(s). In the patients who underwent early hemodynamic evaluation, pulmonary blood flow was not significantly increased despite significant PHT, suggesting that some patients with CHD may be more prone to develop pulmonary vascular disease than others, even without large systemic to pulmonary shunts. These patients may represent a subgroup in the spectrum of pulmonary vascular disease that exists between PPH and Eisenmenger syndrome; this raises the question whether uncomplicated CHDs, which are not severe enough to cause pulmonary vascular obstructive disease alone (eg, a small ventricular septal defect), may serve as a trigger for the development of PPH.
Our findings may also have implications for treating patients with the classic Eisenmenger syndrome, ie, in whom shunt reversal has occurred. Long-term PGI2 therapy may slow the progression of the Eisenmenger syndrome and render some Eisenmenger patients operable with partial surgical repair leaving an atrial septostomy. This may ultimately improve cyanosis, oxygen delivery, and quality of life. Physicians have been wary about using vasodilators in patients with Eisenmenger syndrome in the presence of systemic to pulmonary shunts because of the possibility of a greater fall in systemic resistance compared with pulmonary resistance resulting in increased right to left shunting. However, in our patients with residual shunts, we did not see an increase in right to left shunting, ie, systemic vascular resistance did not fall more than pulmonary vascular resistance, nor did we see a fall in systemic arterial blood pressure on long-term PGI2. In the 10 patients with residual shunts, there was a significant improvement in oxygen delivery on long-term PGI2. The finding that systemic arterial oxygen saturation did not improve significantly with treatment may be related to the small sample size (nϭ10).
One of the limitations of our study was an inability to do survival analysis owing to lack of a control group. Sample size was also a limitation for analyzing changes on long-term PGI2 therapy, eg, whether the observed increase in RAPm in 2 patients with PHT and atrial septal defects is clinically significant warrants further study. One might consider the heterogeneity of age and type of CHD another limitation of this study. We would, however, like to emphasize that our observations in this group of patients with a variety of CHDs and ages responding favorably to long-term PGI2 suggests that PGI2 therapy may be effective in a wide range of patients. Although the exact mechanism(s) of action remains unclear, the indications for long-term PGI2 may be broader than the current recommendations. Studying the unusual patient, as opposed to the typical patient with PPH, may offer insight into why some patients develop pulmonary vascular disease and others do not; it may also offer clues as to how long-term PGI2 may remodel the pulmonary vascular bed.
In conclusion, long-term PGI2 improves hemodynamic and quality of life parameters in patients with PHT and associated CHD who fail conventional therapy. In addition to its use as a palliative bridge to transplantation, longterm PGI2 may also be an alternative to transplantation in selected patients, enabling previously inoperable patients to become operable. Our observations suggest that longterm PGI2 may play an important role in the treatment of patients with PHT and associated CHD, just as it does for PPH patients. We would like to emphasize that although these patients (all of whom were nonresponders to acute vasodilator testing and failed conventional treatment) improved on long-term PGI2, all patients with PHT and associated CHD should not be empirically treated with long-term PGI2. On the basis of overall risk-benefit considerations, patients should first undergo evaluation, including acute vasodilator testing, and be considered for long-term PGI2 only if they are acute nonresponders during vasodilator testing or fail conventional therapy regardless of their acute vasodilator response.
